The economic impact of illicit trade is in the trillions of dollars per year, with a proportion of this trade concealed within cargo containers. The interdiction of this trade relies upon efficient and effective external screening of cargo containers, typically using x rays. The present work introduces a technique of x-ray screening that aims to increase the efficiency and effectiveness of x-ray screening. Traditional X-ray screening of cargo containers is performed using high-energy (MV) transmission imaging or low-energy (kV) Compton scatter imaging to provide two-dimensional images. Two-dimensional images can contain complex, overlapping objects and require significant experience and time to interpret. Time-of-Flight information can be used in conjunction with Compton scatter imaging to provide information about the depth of each Compton scatter interaction, leading to three-dimensional images, reducing false positives and image analysis time. The expected Time-of-Flight from photons scattered back from a set of objects is well defined when the photons are produced with a delta-type (infinitely narrow) pulse duration, however, commercially available linear accelerators used for cargo screening typically have pulse widths of the order of 1 μs. In the present work, the possible use of linear accelerators for Time-of-Flight Compton scatter imaging is investigated using a mixture of analytic and Monte Carlo methods. Ideal data are obtained by convolving a number of wide x-ray pulses (up to 5 μs) with the expected Time-of-Flight from a set of objects using a delta-type pulse. Monte Carlo simulations, using Geant4, have been performed to generate x-ray spectra produced by a linear accelerator. The spectra are then used as the input for detailed Monte Carlo simulations of the Time-of-Flight of photons produced by a single linear accelerator pulse scattering back from a set of objects. Both ideal and Monte Carlo data suggest that Time-of-Flight information can be recovered from a wide linear accelerator pulse, provided that the leading and falling edge of the pulse are sharp. In addition, it has been found that using a linear accelerator leads to double the amount of Time-of-Flight information as both the leading and falling edge are utilised (unlike for a delta-type pulse).
Background

Current cargo screening techniques
Transporting goods by sea in containers is the most efficient mode of the transportation of goods (World Shipping Council, 2012) . Moreover, 90% of the world's trade is transported by sea (Kaluza, et al., 2010) . Securing cargo containers is, therefore, of high economic importance as disruption to sea trade could have a significant economic impact globally. The security threats potentially smuggled in cargo containers are wide ranging from radiological and nuclear material (McLay & Dreiding, 2012) to drugs (McNicholas, 2008) and humans (Kyle & Liang, 2001 ). Due to its nature, estimating the scale and distribution of goods smuggled by container is difficult. One method of estimating the distribution is to look at the global illicit trade market. Of items that could be concealed within containers, Havocscope estimates that counterfeit drugs have the largest black market value, followed by counterfeit electronics (Havocsope 2013) . Although this list does not specify how much of these items are transported by container, it can be used as a guideline. There are some more accurate estimates, for example the United Nations Office on Drugs and Crime (UNODC) estimates that approximately 66 metric tons of cocaine was shipped to Europe in 2008 (UNODC, 2010 . In an effort to counter these threats, radiationbased screening methods have been incorporated into cargo security via the introduction of passive detection of γ rays and neutrons, and active radiography (imaging) (Wein, et al., 2006) . In order to maintain the efficiency of the trade system, these screening methods must be as fast as possible and the results produced must be easily analysable and accurate, since false positives can result in a container requiring manual inspection, which is an expensive and time consuming procedure (McLay & Dreiding, 2012) . False negatives are also a problem as they result in illicit materials penetrating the borders of a country and result in further crime occurring. Technological advances in cargo screening should therefore be aimed at increasing the effectiveness by improving image quality, simplifying the resultant images (e.g. three dimensional images) and thereby reducing the false positives and negatives at the same or lower radiation dose to current systems, without compromising the efficiency of the trade system or having too high a cost. The present work introduces a possible new technique that aims to produce images that are easier to interpret and analyse than current methods, increasing efficiency and decreasing the number of false positives, whilst using currently available x-ray sources, thereby keeping costs to current levels.
There are two types of x-ray imaging used for cargo screening, transmission imaging and Compton scatter imaging (CSI), which have different advantages. Transmission imaging was invented by William Röntgen in 1895, and is still commonly used in hospitals as well as security screening. X rays are created using an electronic source, and fired at a cargo container. The x rays that pass straight through are detected on the opposite side of the container by a set of detectors, creating a one dimensional image. The source and detectors are moved along the length of the container, or vice-versa, and the data from the detectors is combined to form a two dimensional image of the container (Chen, 2005 ). An illustration of the components required for this technique is shown in Figure 1 .
Transmission images show materials of high atomic number with higher contrast to air than materials of the same thickness but lower atomic number. Hence, thin pieces of metal, for example a knife blade or gun, are clearer in the image than thin pieces of explosives or drugs.
In order to penetrate through a densely packed container, high-energy x rays are required. These are produced using a linear accelerator, which fires electrons at a metal target, typically tungsten. The electrons interact with the electrostatic field of the tungsten atoms becoming deflected and losing energy in the form of an x ray. Linear accelerators produce pulses of electrons and, therefore, pulses of x rays, with each pulse duration of the order of 1 μs (see (Langeveld, et al., 2011) for an example of a linear accelerator with a 0.1 to 4.7 μs variable pulse width). The electrons are accelerated inside the accelerator using a potential difference typically set to 4, 6, or 9 MV for cargo imaging. The resultant x rays from a 4 MV accelerator can have a maximum energy of 4 MeV, 6 MeV from a 6 MV accelerator, and so on. However, the x rays are produced with a spectrum of energies ranging from 0 eV to the maximum. CSI, or backscatter imaging, is also widely used for security purposes. This technique no longer detects the x rays that penetrate through a container, but rather the x rays that scatter back from the container to the detector. As with transmission imaging, x rays are electronically produced and fired at the cargo container, however, the detectors are now placed on the same side as the source. Typically, the x-ray source is collimated into a fine beam, called a pencil beam. This beam is swept over the object repeatedly, whilst the source and detectors are moved along the length of the object to create an image (Dinca, et al., 2008) . When an x-ray photon undergoes a Compton scatter, it changes direction and also loses energy. The loss of energy creates a problem for CSI. As energy decreases, the probability of the x ray being absorbed increases. The result is that a significant number of x-ray photons that scatter within an object, are then absorbed in that object. This leads to a reduction in the number of scattered x-ray photons detected, which reduces the image quality. The features of an image taken using CSI can be seen to be complementary to transmission images. Materials with high atomic number Figure 1 Illustration of a cargo transmission imaging system. A shadow of the objects is recorded in the detector system. have higher scattering probabilities than those with lower atomic numbers, however the probability of absorption is also higher in these materials, resulting in more photons scattering and then absorbing. Hence, plastic explosives and drugs have a higher contrast to air, than guns or lead shielding. An illustration of a CSI system is presented in Figure 2 . Low-energy x rays are typically used for CSI, up to 225 keV (Chalmers, 2004) , and produced using x-ray tubes. The disadvantage of using low-energy photons is the reduced penetration of the x rays. That is to say, as the probability of x rays fully penetrating densely packed cargo is so low, the far side of the container will not be imaged. The Compton scatter interaction also has an upper energy limit to photons that are scattered back. Regardless of the energy of the incident radiation, a 180 o scattered photon will never have energy of greater than 255.5 keV (Knoll, 2010: 324) . The energy of photons scattered through varying angles has been plotted and shown in Figure 3 , for different incident photon energies. This again limits the penetration of a CSI system.
Problems with current screening methods
Both transmission and CSI systems have advantages and disadvantages. Using a CSI system results in higher contrast for plastic explosives and drugs, requires access to only one side of the container, and produces more photographic style images, which are easier to interpret and analyse. On the downside, they have limited penetration and metallic objects may be invisible. Transmission images have very high penetration and show up metallic objects well, however they require access to both sides of the container, and the resultant images can be large and complex with many overlapping objects.
The common disadvantage of both imaging techniques is the production of two-dimensional images only. Twodimensional images of cargo can lead to many objects overlapping and creating complex features within the image, leading to an increased analysis time required. The standard way of creating three dimensional medical x-ray images is to use a Computed Tomography (CT) scanner, which is similar to a transmission imaging system but features an x-ray source that revolves around the object to be imaged, as well as moving along the length of the object. This is illustrated in Figure 4 for a cargo system. Implementing a CT system for cargo imaging would be inefficient and the cost would outweigh the benefits (Zentai, 2008) .
Criminals attempting avoid detection when undergoing screening could conceal items in cargo containing similar structures, for example conceal drugs in a shipment of sugar, since the screening techniques cannot accurately discriminate between materials, or conceal them in containers that are densely packed with visually complex objects. When undergoing screening from a CSI system, objects could be shielded with lead or other metals, or merely placed at the opposite side from the scanner.
Both transmission and CSI systems are very efficient at physically scanning a container. Scanning frequency varies per system, but can reach 180 containers per hour (Rapiscan Systems Ltd, 2013) . However, the time required to analyse an image is much longer than the time required to obtain the image. Estimates of analysis time are difficult to obtain in literature, however Martonosi et al. (2005) state "(…) an operator may take up to 15 minutes to review the image" (p. 226). The long time required to analyse the image is due to its large size, the number of complex and overlapping objects included within the image, and the confusing geometry used. Making images easier to interpret and analyse would reduce the time required to review the images, increasing the efficiency of the security screening process and increasing the number of containers that can be screened per day.
Suggested technique to overcome problems
Another possible way of producing three dimensional images is to use Time-of-Flight (ToF) measurements in conjunction with CSI. The ToF of an x-ray photon is the time between the creation of the photon at the source and the time of detection. ToF imaging using x rays has never been done before; however, ToF Positron Emission Tomography (PET) measures the ToF of photons. ToF PET involves injecting a patient with a radioactive source which, by a series of interactions, results in the emission of two photons at 180 o to each other, each with an energy of 511 keV. The time difference between the two photons being detected allows the reconstruction of the source position (Basu, et al., 2011) . The suggested technique of ToF CSI works in a slightly different manner. If the time of creation of a photon and the time of detection, after scattering, of the same photon is known then, using the speed of light, the distance travelled by the photon can be calculated. Moreover, if the initial trajectory of the photon is known, for example, by collimating the beam into a pencil beam, then the point at which the photon undergoes the Compton scatter interaction can be reconstructed. Performing this for each detected photon in a standard CSI scan would lead to three dimensional image formation.
There are numerous challenges associated with implementing a ToF CSI system, for example photons can undergo scattering several times before detection. This multiple scattering will lead to artefacts in the image and blurring between object boundaries as the point of interaction is reconstructed incorrectly. Another problem is that x-ray detectors have a finite time resolution placing a limit on the resolution in the third dimension. Moreover, detectors have a decay time associated with their signals and hence there is a minimum time difference that two photons can be distinguished in the same detector. The challenge that is considered in the current work is the use of commercially available linear accelerators for ToF CSI, and whether x-ray sources with long pulse widths be used to recover ToF information of scattered photons, thus enabling current technology to be used to create three dimensional x-ray cargo screening images, rather than requiring the development of new, and invariably more expensive, x-ray sources with short pulse widths.
The expected ToF of photons scattered from a set of objects is well defined when all of the photons are created at the same time at the source. The pulse width of such a source is called a delta function, and unfortunately such a source does not exist. Sources with very short pulse widths, typically several femtoseconds or picoseconds wide, do exist but are typically confined to laboratory settings. As mentioned previously, linear accelerators used for cargo screening have pulse widths of the order of 1 μs. In comparison, consider an x-ray photon that travels across a cargo container of 2.5 m width, its total time to return to the detector after scattering off the far side is approximately 0.017 μs. Despite the large discrepancy between the pulse width and the ToF of each individual photon, it is still possible to reconstruct some information about the objects under inspection by looking at the beginning and end of each pulse.
In this paper results are presented from methods to estimate the ideal ToF data for using a linear accelerator of varying pulse width. Results are also shown when non-square wave pulses are used. Monte Carlo simulations are used to back up the analytic results, and to simulate the ToF of a single accelerator pulse. The results are discussed, whilst further work and limitations to the study are identified. The Monte Carlo simulations, and the toolbox used, are discussed in detail in the Methods section.
Methods
Monte Carlo simulations provide accurate methods of simulating particles and their interactions with matter. They provide more information about particles than is possible by experimentation. For example, in a ToF CSI system we may know the number of photons fired at an object, their ToF, and the number of photons detected. We do not know how many of the photons scattered more than once or their exact tracks. Moreover, complete systems can be modelled using Monte Carlo simulations in order to optimise design.
There are several Monte Carlo toolboxes available that are designed for the simulation of particle physics. The toolbox used to obtain the results in this paper was Geant4. Geant4 is a toolkit for simulating the passage of particles through matter (Agostinelli, et al., 2003) . This toolbox was used as it covers a wide range of particle physics, over a wide range of energies, and is modular in design making coding easier. Moreover, the physics have been verified by the Geant4 collaboration and independently. A summary of recent validation results for the electromagnetic processes is given by (Ivanchenko, et al., 2011) .
Two simulations were written for the results given in the present work; the first simulated a linear accelerator, and the second simulated x rays fired at objects and scattering back to measure the ToF of the scattered photons. Both were kept as simple as possible in order to maximise efficiency whilst complex enough to ensure results are still a valid representation of real experiments.
A linear accelerator consists of many different components, however for the purposes of this paper, it can be simplified to an electron beam, a target, filtration, and shielding. The electron beam was modelled as a pencil beam of electrons fired at a tungsten target. The divergence of the beam had little effect on the output x-ray spectrum, and the position of each electron set to a two dimensional Gaussian distribution with a full width at half maximum (FWHM) of 3.5 mm in both dimensions. The energy of each electron was set to mimic the acceleration of a 6 MV accelerator, and was a Gaussian distribution with mean energy of 6 MeV and FWHM of 5%.
The target was a rectangular cuboid made of tungsten, placed perpendicular to the electron beam. The width and height of the target made no difference to the x-ray spectrum so was set arbitrarily. The thickness of the target does have a significant effect on the output spectrum. A thicker target will result in more interactions between the electrons and tungsten atoms, however it is more likely that the photons produced will be absorbed within the target. In particular, the photons produced with lower energies are more likely to be absorbed within the target and the average energy of the spectrum increases with target thickness. These effects can be seen in Figure 5 , where the average energy of the spectrum, the forward photon yield (number of x rays produced in the forward direction, expressed as a percentage of the number of input electrons), the backwards photon yield, and the electron yield have been plotted against the thickness of the target. These results are for an uncollimated source; a collimated source would exhibit the same trends, however the yields would be lowered. An uncollimated source was used to reduce the computation time required to find the optimum target design.
For scatter imaging purposes the energy is not so important, however increased number of photons means decreased levels of noise. Hence, the target thickness was optimised for photon production and was set to 0.7 mm. The source was collimated by placing two lead quarter spheres in front of the target. These were separated by a gap of 2.5 mm, whilst the radius of each was 300 mm. No more shielding was simulated, as the interactions in the lead with the photons increases computation time, whilst the photons that were created in the backward direction were simply ignored. To illustrate the source set up, a not-to-scale drawing of the geometry of the source is shown in Figure 6 . The x-ray photons produced during the simulation were histogrammed by energy and angle. These results were then used as the input for the ToF Monte Carlo simulations. The ToF simulation consisted of x rays fired in a pencil beam from the origin towards a set of three polyethylene boxes which were centred on the x axis at different distances from the source. The photons that scattered back towards the source had their final position and ToF recorded. The photons were then projected to the point where they crossed, or would cross, the x = 0 plane which was treated as a perfect detector. Only the ToF was taken into account and if two photons arrived coincidentally then they were both recorded.
The width of the pencil beam was defined by the collimation used above; however the maximum elevation angle of the photons was +/−1 o . Each plastic box was 15 cm in thickness and 10 cm in width and height. The 15 cm thickness of each box enabled each to be seen quite clearly when measuring the ToF, as it ensured a high number of photons were scattered from each box. Each box was placed at 500 mm intervals; however, this was varied for different runs of the simulation.
The photons had no start time associated with them. This allowed different time distributions to be applied without needing many different simulations to be performed. The number of photons fired was an estimate of the number produced per pulse by a linear accelerator, based on the results of the previous simulation. For a 125 mA beam current, equivalent to 780,188,719,038 electrons, 96,743,401 photons were created in to the +/−1 o angular range. Due to the large number of photons fired, each simulation was run only once to minimise computation time. Running the simulations multiple times would decrease the statistical fluctuation, however the number of photons generated in a single run was deemed sufficient. Each simulation was performed over 8 threads of a single PC; the results were combined to provide a single output.
Results and discussion
Simulation results
The ToF signal possibly recoverable from using a linear accelerator is described below. Non-specialist readers may wish to skip to the subsequent section of the paper.
The linear accelerator simulation provided the angular distribution, energy spectrum, and the electron to x ray conversion rate for a typical linear accelerator pulse. The results from the linear accelerator simulation were used to simulate the ToF of x-ray photons scattering back from a set of objects (polyethylene boxes). The source was placed at the origin, the boxes were placed with their centres at 50 cm intervals along the x axis, whilst the detector was set on the x = 0 plane. The detector was annular in shape, with inner radius of 90 cm and outer radius of 100 cm. This ensured that the ToF of photons scattering from the same box led to a sharp pulse, rather than blurring the boundaries between box and it also allows easier analysis. The geometry of the simulations is illustrated in Figures 7 and 8 .
The photons arriving in the annular detector have been histogrammed into 1/8 ns time bins, and plotted in Figure 9 on a log scale. The number of photons detected has been expressed as a percentage of the number of incident photons. Error bars have been included assuming Poisson statistics. For this simulation, a delta pulse width was used.
The background shape of the plot results from photons scattering in the air and reaching the detector. The three peaks correspond to photons that scatter in each of the boxes before reaching the detector. Each peak has a sharp rising edge due to the scatter from the front edge of boxes, and then a longer tail which arises from the scattered photons becoming attenuated within the box. Each peak has been labelled on the plot. This is the expected ToF information from three boxes if a laboratory source, with a very short pulse width, was used. In order to estimate the ideal response when using a linear accelerator, its distribution was convolved using a number of ideal square wave pulses. The linear accelerator was simulated as having two states, either on, 1, or off, 0, and had pulse widths of 0.1, 0.5, 1.0, 2.0, and 5.0 μs. An example of a square wave linear accelerator with a 1 μs pulse width has been plotted in Figure 10 , along with a trapezoidal and triangular pulse shape.
After convolving the pulses, as described above, with the ToF histogram in Figure 9 , it was found that, as expected, the pulse width did not alter the resultant falling and rising edges of the ToF histogram expected from an ideal linear accelerator. There are three features to the histogram after convolution; a rising edge, a falling edge, and a flat top joining them. All of the usable information is contained in the falling and rising edge. The falling edge of the simulated ToF histogram has been plotted in Figure 11(a) , for a 0.1 μs pulse width. The rising and falling edges corresponding to each visible box have been identified in the plots. The rising edge of the ToF histogram is a vertical flip of the falling edge, in the ideal case, and contains the same features.
The plot includes several flat sections and gradients. The gradients arise due to the counts from each of the boxes, whilst the flat sections arise from the sections of air in between the boxes. The length of the boxes can be calculated by measuring the length of each gradient, whilst the distance between the boxes can be calculated by measuring the length of the flat sections. All three of the boxes can be seen in the edges; however the third box gives a very low expected signal. The third box can be seen more clearly when the falling edge is enlarged, as shown in Figure 11 (b).
The initial gradient in Figure 11 (b) is the counts due to second box, whilst the gradient that occurs at 0.112 μs is due to the third box. Figure 11 (b) shows that whilst the third box is visible in an ideal case, the expected signal is Figure 10 Example of a trapezoidal, triangular, and square pulse shape. 1% of the maximum expected signal. In a real accelerator and detector system there will be noise present due to the electronics noise associated with the detector, the statistical fluctuations due to the finite number of x-ray photons, and photons that might scatter off other objects or penetrate the shielding into the detector. Since the statistical noise associated with x-ray photons follows a Poisson distribution, it is unlikely that the 1% signal will be above this noise level unless a very high initial flux was used in the accelerator pulse.
As described above, the pulse length does not have an effect on the expected detector response shape as the pulse length is a lot longer than the ToF of photons scattering in the objects. The usable information arises from the sharp rising and falling edge of the linear accelerator pulse. If the edges have a finite gradient and the pulse shape becomes trapezoidal, then this can cause the step shapes, seen in Figure 11 (a), to lose their definition and the gradient of the edges to reduce in magnitude.
The plot presented in Figure 12 (a) shows the falling edge expected from two different trapezoidal shapes, one with a 5 ns rise time, and the other with a 25 ns rise time, and Figure 12 (b) shows an enlarged version.
The step features are still visible in Figure 12 (a), however, the gradients of the falling edges have decreased in magnitude. The gradient of the falling edge from approximately 80% to 20% of the signal in the plot in Figure 11 % per nanosecond for a 25 ns rise time. As the rise time increases, the falling edge gradient increases (but decreases in magnitude) further. The distinction between air and box is removed due to the decreasing magnitude of these gradients. Moreover, the signal due to the boxes further away has reduced. In Figure 11 (a) the initial falling edge drops to approximately 9% of its maximum before the gradient approaches 0 due to the air gap between boxes. With a 5 ns rise time this drops to approximately 4% and 1% for a 25 ns rise time, decreasing the signal-to -noise ratio.
The results, so far, have given an ideal case. In order to get an indication of what the ToF response from a single linear accelerator pulse is, each photon that had been detected in the plot of Figure 9 was given a firing time between 0 and 1 μs drawn from a uniform random distribution. The number of photons was chosen in order to model a 1 μs pulse correctly, with a square wave pulse shape, fired from a linear accelerator running at 125 mA. Increasing the current would increase the signal-to-noise ratio as more photons would be detected. The falling edge can be seen in the plot in Figure 13(a) , whilst an enlarged falling edge can be seen in Figure 13(b) , showing the contribution from the last two boxes only. The first two boxes are visible in the data; however it is difficult to measure where the third box starts due to the low photon count.
A large percentage of the detected photons in these simulations has been scattered from the front box only. This is due to the attenuation of the primary beam, causing fewer photons to be incident upon the rear boxes, and the attenuation (within the front box) of photons scattering from the rear boxes. This leads to a lower signal from the rear boxes. In order to increase this signal, these simulations were repeated, however, five boxes were used. Each box was 9 cm thick and centred at 25 cm intervals. This reduced the signal from the front box, and increased the number of steps in the edges.
The beam current was also increased in the simulations in order to increase the signal from the rear boxes. In a real life setting this is equivalent to increasing the current of the linear accelerator or performing repeated measurements of the same object. The data has been plotted in Figure 14 (a) and Figure 14(b) , and whilst the signal from the fourth box is larger at around 5 or 6 counts per time bin, the signal from the fifth box rarely gets above 1 detected count per time bin. 
How these results can be used in next generation cargo screening systems
There is still a lot of work required to use the kind of signals in these preliminary results in the next generation of cargo screening. The edges in the graphs would not be identified by human operators in a screening system. The signals would be used to reconstruct an image using mathematical techniques. For a single delta-type source and detector, a photon that is detected at time t must have scattered at some point on an ellipse defined by the source and detector positions, and t, assuming a single scatter occurs. Using a delta-type source, it is therefore simple to reconstruct an image based on calculating the scatter points on these ellipses. For a square wave source, there is no longer a single ellipse for each time t, however there are only a finite number of ellipses that the photon could have scattered on. Mathematical image reconstruction techniques can be used to exploit this and reconstruct an image.
The results presented previously are indicative of an ideal detector response from an x-ray ToF CSI system. The results show that ToF information can still be recovered when a wide pulse is used, provided that the pulse has a sharp rising and falling edge. In a real system, the xray beam would be swept over the container and the data would be combined to create a three dimensional image. Whilst the results presented are not directly transferrable to the next generation of cargo screening systems, they indicate that x-ray ToF CSI could be used for the next generation of cargo screening and that further research should be undertaken in the area.
Conclusions
Advantages of using x-ray ToF CSI The use of ToF in conjunction with CSI allows the reconstruction of interactions of individual photons assuming the time of creation and initial trajectory are known and only single scatter occurs. The time of creation is known only when a delta-type source is used, restricting the technique to laboratory settings. In these settings, the ToF from scattered photons produces sharp peaks corresponding to the position of different objects in the third dimension, as seen in Figure 9 . Sweeping the beam over the entirety of the objects under inspection allows three-dimensional images to be reconstructed. X-ray cargo screening systems utilise linear accelerators to create photons. Unlike delta-type sources, the pulse is a square wave with a long flat top. The time of creation is lost if a linear accelerator is used, however ToF information can be recovered if the square wave has sharp edges. Using a linear accelerator, each object is represented by a step on the rising and falling edge of the detector response. This leads to double the information per pulse compared to delta-type sources, as both edges can be utilised. The results from the present work indicate that linear accelerators can be used for ToF cargo screening, removing the need to develop new sources with short pulse widths and decreasing time and cost of developing such a system. This has significant practical implications and indicates that the cost of a source for an x-ray ToF CSI system is therefore kept the same as for a transmission system. The difference in cost between a traditional transmission system and a new ToF system is solely dependent on the detectors and associated electronics. The economic impact of implementing the United States' 100% cargo screening laws has been well researched (see Martonosi et al., 2005 , for example), and the economic cost must be taken into account when designing new screening technologies.
The use of a linear accelerator for scatter imaging also allows the two techniques to be integrated more easily in to a single imaging system. Currently, combined transmission and scatter imaging systems use a single low energy (kV) source or separate low and high energy sources for scatter and transmission imaging, respectively. Using a single low energy source for transmission imaging leads to low penetration and is unsuitable for densely packed cargo. Using two (or more) sources requires separate shielding, power, control systems, etc. for each source increasing cost and weight. Using the same high energy linear accelerator to produce two dimensional transmission and three dimensional scatter images combines the benefits of the two systems whilst keeping costs low.
Using currently available linear accelerators for x-ray ToF CSI means the radiation dose to cargo is neither increased nor decreased when compared to conventional x-ray screening systems. The radiation to dose to human trafficking victims would therefore still be below international guidelines.
There are some drawbacks to using ToF CSI as a cargo imaging system. Monte Carlo simulations of ToF experiments suggest that using a linear accelerator can provide useful information, however the limiting factor is the number of photons recorded. The low photon counts would lead to noise in the image. The linear accelerator simulated was set to 125 mA, increasing the current would increase the number of photons detected and increase the signal to noise ratio as seen in the Figure 14 The lack of penetration from CSI systems has also been highlighted in the results. Attenuation occurs within the objects, and signal from occluded objects is very low. The results given above relate to only one annular detector. Having several other detectors would increase the signal from occluded objects, however the electronics noise would also increase.
How the technology can help to reduce crime
There are two main benefits of using x-ray ToF CSI that could lead to crime reduction and increased security. Firstly, three dimensional images reduce the number of complex, overlapping objects in an image. Hence, suspicious objects are more easily identifiable in the object, thereby increasing detection rates. False positive rates should also decrease as a result, which means physical inspection by unpacking containers can be targeted at truly suspicious containers. Since physical inspection rates will decrease, the time taken per inspection can increase, allowing a more meticulous inspection.
As the images become simpler to analyse, the time required for analysis is reduced. This means more containers can be screened at each port, using the same number of inspectors per system. Hence, the likelihood that a suspicious container is screened increases and likelihood of intercepting illegal items passing through the port increases.
A third, perhaps more minor, benefit comes from deterrence. As technology improves, detection and inspection rates increase, and criminals may be deterred from attempting to pass illegal items through ports. However, there is a chance this could lead to a displacement effect and criminals use alternative routes of importing illegal items.
Using CSI provides greater contrast for materials of lower atomic number and hence ToF CSI would still contain this high contrast, and would therefore highlight objects such as cigarettes, drugs, and explosives in an image. Objects with high atomic number, such as weapons, would be seen in a highly scattering background, but would present a greater challenge in a low scattering background. The main drawback of using ToF CSI is the lack of penetration. Using high energy x rays maximises the penetration of the incident x rays, however the comparatively low energies of the scattered photons is still the limiting factor. Containers packed with high density material could evade detection, as is the case with current screening methods.
Limitations of study and further work
The Monte Carlo results given above are based on an ideal setting. The major limitations of this study are that no detectors were simulated and the source was simulated as a true pencil beam. Detectors have a finite time resolution and electronics noise associated with them, which would increase the noise in the signal given. Moreover, x-ray sources are not shielded absolutely and not all photons go through the collimator aperture. Photons produced in unwanted directions could penetrate the shielding and interact in the detector leading to increased noise levels.
Due to the preliminary nature of the work, the simulated geometry was simplistic and sparse. A more complex set of objects would create more scatter signals to be considered. Firstly, an increase in the number of objects under inspection would lead to an increase in multiple scatter which will lead to increased blurring between objects. More objects could also lead to increased attenuation and reduced signal from occluded objects, as mentioned previously. It is important to stress that the aim for the resolution in the third dimension is not high (approximately 10 cm), due to the timing resolution achievable with current detectors. Whilst multiple scatter may blur the boundaries between objects, the immediate aim is to differentiate between the positions of objects rather than recover fine detail in the third dimension. The problem due to attenuation will be the larger problem in the third dimension. If no photons are scattered back from occluded objects, then the objects will not be present in the image. This paper describes preliminary simulations of a ToF CSI system, and the area for further work is abundant. The short term aim is to repeat these experiments in a real-life setting. Before this a number of intermediary steps must be undertaken. Firstly, measurements must be undertaken from a linear accelerator in order to ascertain the exact pulse shape and ensure that the edges are flat enough for a signal to be recoverable. Optimisation of detector placement and design is required to ensure maximum signal is recovered. Moreover, suitable detectors must be identified and tested for timing resolution. Experiments will validate the results given by these simulations; however the results will be limited by the electronics noise, timing resolution of the detectors, and other noise sources. Building these into the simulations will give a direct comparison to the experimental results, allowing for full validation of the simulation results.
X-ray ToF CSI may provide limited three-dimensional information, signifying an improvement on the current CSI systems used for cargo screening, however, the challenges to implementing such a system are numerous and significant extra work is required before such a system can be implemented.
The present work has introduced a technique to increase the efficiency and effectiveness of cargo screening. Techniques such as this are a necessary but not sufficient tool in the detection and deterrence of illegal, cargo based, trade. In parallel, to maximise the capabilities of such technologies, the effectiveness of those tasked with monitoring containers visually should be examined by investigating the psychology of vigilance.
